Introduction
Due to the fast development in the domain of communication and an ongoing trend of digitization and digitalization, manufacturing enterprises are facing important challenges in today's market environments: a continuing tendency towards reduction of product development times and shortened product lifecycles. In addition, there is an increasing demand of customization, being at the same time in a global competition with competitors all over the world. This trend, which is inducing the development from macro to micro markets, results in diminished lot sizes due to augmenting product varieties (high-volume to low-volume production) [1] . To cope with this augmenting variety as well as to be able to identify possible optimization potentials in the existing production system, it is important to have a precise knowledge of the product range and characteristics manufactured and/or assembled in this system. In this context, the main challenge in modelling and analysis is now not only to cope with single products, a limited product range or existing product families, but also to be able to analyze and to compare products to define new product families. It can be observed that classical existing product families are regrouped in function of clients or features. However, assembly oriented product families are hardly to find.
On the product family level, products differ mainly in two main characteristics: (i) the number of components and (ii) the type of components (e.g. mechanical, electrical, electronical).
Classical methodologies considering mainly single products or solitary, already existing product families analyze the product structure on a physical level (components level) which causes difficulties regarding an efficient definition and comparison of different product families. Addressing this
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The purpose of the current research was to develop a model for cutting force prediction for face milling of spheroidal cast iron components. The model was a mechanistic model, based on the unified mechanics of cutting theory developed by Armarego [1] , and it was intended to be used in combination with other algorithms to realize a tool path optimization procedure. Nodular ductile cast iron is a structural material whose popularity has increased in recent decades, particularly in the wind power industry due to its mechanical properties and to the possibility of manufacturing mechanical components of high geometrical complexity and/or size. The microstructure peculiarity of these alloys radically influences the mechanical and thermal properties as well as their machinability. It is commonly known that cast iron alloys produce a segmented or discontinuous type of chip. The present paper reports a study on the impact of the peculiar segmented chip formation of ductile cast iron on cutting force modelling. Chip segmentation in metal cutting was largely studied for titanium alloys and tool steel grades by various authors [2] , [3] . It has been proved that the shear plane model is not a good representation of chip formation when segmentation occurs, as the deformation is not applied homogenously to the entire engaged area of the workpiece material. Formulations to apply more consistently the shear plane model also in the case of segmented chip were proposed [4] , [5] . Several authors used the same mechanistic approach to predict cutting forces in milling operations when cutting workpiece materials characterized by chip segmentation, proving good agreement between measurements and prediction [6] - [8] . However, the latter studies were conducted using relatively small values of feed per tooth and segmentation phenomena are less pronounced in these conditions, as proved by other studies [5] , [9] . The present work therefore explores the possibility of applying the convenient simplification of a shear plane model in combination with the mechanistic model approach to the case of ductile cast iron, which is known to be characterised by segmented chip formation.
Mechanistic model features
The unified mechanics of cutting theory makes it possible to discretize a generic cutting edge into infinitesimal linear segments and to consider each of these segments as an oblique cutting operation [1] , see Fig. 1 . From this, a differential cutting edge that produces an uncut chip area dA and length db yields elemental cutting forces components as described in Eq. (1). 
where dA is the local uncut area, and can be expressed as dA = h*db, with h local uncut chip thickness and db is the differential length of the cutting edge. The cutting coefficients are calculated using the oblique transformation method, Eq. (2-4), while the edge coefficients, , are extrapolated from the cutting forces as intercept at zero uncut chip thickness. Ploughing phenomena or other effects occurring at the cutting edge are not modelled. The chip flow angle, , and the normal friction angle, , are determined numerically through the hypothesis of collinearity between the chip velocity and the friction force [6] . The lead angle for each elemental cutting edge was described as function of the cutter geometric characteristics (radial and axial rake angle) [10] , and as function of the insert geometry. The uncut chip thickness engaged by each elemental cutting edge was modelled as described by Armarego and Samaranayake [10] . Run-out was not implemented in the model. 
Experimental procedures

Orthogonal Cutting experiments
Cutting coefficients and were calibrated by carrying out orthogonal cutting experiments, as described by Budak et al. [6] . Cutting forces and chip thickness values were measured in order to characterize the unknown variables in Eq. (2-4) shear stress on the shear plane, τ, the friction angle, , the shear plane angle . Chip thickness is not constant when chip segmentation occurs. This has an impact in the definition of the unknown variables necessary to the model calibration. For this reason both the maximum chip thickness and the average chip thickness are measured and two calibrated versions of the model are created. Regarding the calculation of the friction angle , average values of the cutting forces were chosen as representative. Orthogonal cutting tests were carried out over a reasonable range of the most relevant cutting parameters, the uncut chip thickness, the cutting speed and the rake angle. The values of the three parameters that were tested are listed in Table 1 . A full factorial approach was used. The workpiece material machined was a nodular ductile cast iron of EN-GJS-400-18-LT grade, fully ferritic. Discs of 3 mm in width and 100 mm in diameter were cut from bars for orthogonal cutting tests. The cutting tool for holding the insert was custom-made, designed as part of a previous project [11] . The cutting insert used was the Tungaloy SPKN42STR carbide insert, PVD coated with TiAlN. The chips were collected and their thickness was measured using an optical CMM, specifically the Schut Geometrical Metrology DeMeet 220. Cutting forces were measured with the Kistler 9129AA dynamometer. The edge forces are identified by extrapolating the cutting forces to zero uncut chip thickness. 
Results and Discussion
During milling, the chip thickness is not a constant value, therefore chip segmentation may affect differently the model prediction. Chip segmentation occurs with various degrees depending on the cutting parameters and conditions. From the orthogonal cutting experiments it is found that the segmentation increases with the uncut chip thickness, as also proved by other authors [5] , [9] . The chip appears almost completely discontinuous at feed rate of 0.5 mm/rev, while at feed rate lower than 0.1 mm/rev the segmentation is not significant, see Fig. 2a ). In Fig. 2b ) it is shown how the choice of the chip thickness affects the shear angle. The shear plane model relation has been used considering both the maximum chip thickness and the average chip thickness, calculated considering the maximum chip thickness and the minimum chip thickness within a segmentation period, see Fig. 2 (a) . As can be seen in Fig. 2(b) at higher values of the uncut chip thickness the difference between the shear angle values calculated with the two methods increases. Specifically, when the average chip thickness is used, the resulting shear angle is higher. The force coefficients dependency on the shear angle is described by Eq. (2)- (4). Here, the shear plane angle affects also the calibration of the shear plane stress, τ, which also contributes to the calculation of the force coefficients. A sensitivity analysis of the cutting coefficient in respect to the two different methods of calculating the shear angle is carried out and shown in Fig. 2c) . It is observed that the cutting coefficient as function of the uncut chip thickness is larger when the maximum chip thickness is chosen as the parameter that defines the shear angle.
Predicted milling forces obtained from considering the maximum chip thickness and the average chip thickness are compared to the measured milling forces in different engagement conditions, see Fig. 3 . Respectively the engagement conditions are: Ae = 60%, Ap = 1 mm, fz = 0.4 mm/tooth, see Fig. 3 (a) , Ae = 100%, Ap = 3 mm, fz = 0.3 mm/tooth, see Fig. 3 (b) , and Ae = 60%, Ap = 2 mm, fz = 0.1 mm/tooth, see Fig. 3 (c) . Cutting forces shown in Fig. 3 are the forces acting on the tool, reference system in Fig. 1 . In general, there was good agreement between measurement and predictions, as the kinematics of the machining operation appears well described. Given the considerations expressed above, it is expected to observe a difference between the two model outputs when the uncut chip thickness is higher, therefore for higher feed rate. It is observed that for all the three cases shown in Fig. 3 , the forces predicted when considering the maximum chip thickness to calculate the shear plane angle are higher, in absolute value, than the forces predicted when the average chip thickness is considered, accordingly to the behaviour of the cutting coefficient shown in Fig. 2 (c) . This is most evident when the tooth engagement is maximum and/or when the overall feed rate is higher. Fig. 3 (c) shows an engagement condition with relative low feed per tooth. Considering the force Fy, as example, at the maximum chip engagement in one tool rotation the relative difference between the two approaches in the case of Fig. 3 (c) is 5.9%, while in the other two cases, respectively Fig. 3 (a) and Fig. 3 (b) , are 12.6% and 14.5%. Similar trends regarding the relative differences were observed also for the other cutting forces.
Conclusions
The mechanistic model presented in this work is capable of accurately predicting the cutting forces in a face-milling operation with an inserted cutter, across widely different engagement conditions. As first approximation, the shear plane angle characterization can be carried out considering the maximum chip thickness as it does not introduce significant errors in the prediction of the cutting forces and as it does not require time-consuming metallographic procedures. Also, it is observed that those errors are variable as function of the process parameters, being larger for larger values of the radial engagement and the feed rate. A reliable force prediction employing mechanistic models can be obtained also in case of segmented chip, therefore considerably simplifying the model calibration procedure.
